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Foreword

Amorphous metallic alloys possess attractive and unexpected metal-
lurgical, mechanical, and magnetic properties which have led to exciting
possibilities ranging from materials developments and substitutions for

scarce and strategic materials, to applications in electromagnetic
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machinery and electronic devices. The key to faobricating these materi-

als lies in rapid solidification technology which offers better homo-
geneity and better structural refinement of materials. The possibility
Ki of tailoring the structure and composition and hence the behavior of

.. amorphous alloys offers an enormous advantage over crystalline solids.

. The details of tailoring depend crucially on a number of fundamental

concepts such as the nature of bonding and the degree of local atomic
order which in turn affect the electronic band structure and therefore

the physical properties.

Over the past three and one-half years, we have made substantial
progress towards obtaining a basic understanding of disorder induced

changes on the magnetic properties of amorphous alloys. The prototype

materials in our investigation were the binary iron-boron alloys chosen
for their relative simplicity and their importance in elucidating charge

transfer processes. Chemically and magnetically homogeneous samples

™ over a wide concentration range have been fabricated and examined for
their atomic and magnetic structures. The knowledge of homogeneity is
i. . important in obtaining controllable materials for device applications,

and the determination of atomic structure, distribution of magnetic

moments and isomer shift is essential to the knowledge of chemical
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short-range order and the direction and amount of charge transfer. The
details of these measurements along with their interpretation and formu-

lation of theoretical models are described in the next section.
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FIGURES

1. Variations with depth in iron stoichiometry in a typical sputtered
Fe-B film (#22 on glass); average atomic fraction of iron:
0.514:0.004.

2. Energy dispersive X-ray diffraction system,

3. Radial distribution function for a-Fe7;B29.

4. (a) Spectrum of Fe2B (powder) compared with (b) spectrum of
a-Fe71B29 sputtered film.

5. P(H) distributions for a-Fe71Bzg9 at 295, 77, and 10 K.
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M3ssbauer spectrum and least squares optimized magnetic hyperfine
field distributions P(H) for sputtered amorphous Fes3By7 film at
T = 295 K.

(a) Spectrum of a-FeugBso: H,,, = 80 kOe, T = 4,2 K. Solid line
is theoretical diagmagnetic coﬂBonents. (b) Same as (a) with theo-
retical spectrum subtracted ("stripped” data). (c) Stripped data
with solid line showing spectrum from P(H) fit. (d) P(H) giving
best fit to stripped spectrum. Dashed line represents meaningless
part of distribution,

Temperature dependence of the magnetization deduced from FMR data
on amorphous Fexsl_x alloys. As described in the text, below 80 K,

Fey7 and Feyg do not show simple behavior, hence the dashed lines.

Temperature dependence of the FMR linewidths at 11 GHz for amor-
phous Fe,B _, alloys.

Temperature dependence of the resonance field for FMR in amorphous
Fey7. Below 80 K, the data are dependent upon the thermal his-
tory. The solid line is obtained on slow (~0.25 K/min) cooling
while the other data represent other thermal cycles.

Magnetic phase diagram for the alloy (Ax81-x)c01-x; T. and T, are
normalized Curie and Néel temperatures. For definition of other
parameters, see text.
Magnetic phase diagram for the alloy (Ax81-x)c01-c? Tc and T, are
normalized Curie and Néel temperatures. For definition of other
parameters, see text,
Magnetic phase diagram for the alloy (Ax31-x)c°1-c3 T, and T, are
normalized Curie and Néel temperatures. For definition of other
parameters, see text,

Magnetic phase diagram (schematically) for the model discussed in
the text. The three para-spinglass phase boundaries correspond to
the greater than (eeece¢), equal to (-+-e-¢) and less than (e-m-@-)
signs in Eq. (7).

TABLE

Isomer shifts (§), magnetic ordering temperature (T.) and value of
H for which P(H) is maximum (H,.,,) for several amorphous alloys,
polycrystalline FezB and the mggastable phase Fe3B., Isomer shifts
are relative to a-Fe with source and absorber at 300 K.
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I. Measurements and Results

A. Specimen Preparation

Amorphous Fe B alloys were prepared by sputtering in an

100-X
18 inch vacuum system capable of either rf or dc sputtering at power
levels of 1 kilowatt. Typical FexB;oo_x specimens were prepared by rf
sputtering of mixed powder targets (FezB, FezB + FeB, FeB or FeB + B) in
an inert gas such as argon at partial pressures of approximately 10 um.
A special magnetic focusing ring was used to confine the sputtering ions
so as to enhance the sputtering rates. The resulting rates of approxi-
mately 50 A/min are customarily used to grow films of 5 to 10 um thick-

ness as measured by interferometric methods.

Films of a wide composition range have been prepared on substrates
including glass, fused quartz, beryllium, and Kapton according to the
experiments in progress. Through careful control of deposition param-
eters, target materials and source holders, conditions were finally
achieved that lead to chemically and magnetically homogeneous samples as

judged by secondary ion mass spectrometry and ferromagnetic resonance.

B. Secondary lon Mass Spectrometer (SIMS)

The sputter-ion source secondary ion mass spectrometer at APL is a
powerful and unique tool in thin film research and in the study of
solids in general. It consists of a high-voltage primary source of
inert gas ions which generates secondary ions from a test specimen by
fon sputtering. The secondary fons originating from the sample are

focused electostatically into a double-focusing mass spectrometer., A




spectrum is obtained by changing the magnetic field at constant accel-
erating potential. The secondary ions are detected by an ion multiplier

with very lTow background current and recorded on an X-Y chart recorder.

The interaction of the ion beam with the target results in the pro-
duction of atomic and polyatomic fragments of which an ample fraction
are ionized. The rate at which a given material is sputtered can be
controlled by varying the beam intensity. When a defocused beam is used
with an exit aperture on the einzellens, flat craters in planar samples
are produced. This enables one to obtain concentration profiles with
depth without a crater shape correction. It is also useful in evaluat-
ing variations in composition of films prepared by evaporation or sput-
tering. An example of the composition variations of a representative

Fe-B film prepared by sputtering is shown in Fig. 1.

A study of the initial Secodary lon Energy Distribution (SIED) for
a number of species has shown that, in general, atomic ions have broader
distribution curves. Thus, with the window at the lower ion energy por-
tion of the distribution curves, polyatomic as well as atomic species
are seen in the mass spectra. On the other hand, when the window is at
the higher energy end of the curves, essentially only atomic ions are

recorded in the spectra.

Further extended studies of SIED have shown, that for a given
element, the SIED depends on the bonding in a specific matrix and that
for dopants in glasses, the areas under the SIED curves exhibit a direct

relation to the first fonization potential.
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The major task in using SIMS for quantitative work is to convert
intensities into concentrations. This can only be accomp®ished by pro-
tracted studies of sputtering behavior, by having a thorough familiarity
with the spectrometer in use, and having access to suitable calibration
samples. All of these factors were used in the past contractual period
to arrive at an understanding of the conditions required to obtain

meaningful compositional analyses.

C. X-ray Diffraction Studies

Atomic structures of non-crystalline solids can be specified with
much less precision than those of their crystalline counterparts. For
crystals, knowledge of the Bravais lattice and positions of atoms within
the unit cell, which can usually be obtained by X-ray diffraction, is
sufficient to fix all the atomic positions, at least up to the nearest
defects. In non-crystalline solids there is no unit cell, and X-ray
diffraction is inherently less informative, providing only a probabil-

istic distribution function.

Atomic positions in an amorphous solid are far from completely
random in the sense that positions of atoms in a gas are random. The
fact that a solid is composed of atoms in contact with one another
impose some regularity on the local environment of each of them., Atomic
positions are strongly correlated in the nearest neighbor shell, yet
uncorrelated beyond a few interatomic spacings. This is the meaning of
the common statement that amorphous solids possess short-range order but

no Yeng range order,
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X-ray diffraction patterns for amorphous materials consist of
several diffuse intensity peaks rather than the series of sharp diffrac-
tion peaks exhibited in the patterns for crystalline materials. It is
possible to investigate an amorphous pattern by the methods of Fourier
analysis and determine the nature of the sample structure. The lack of
any overall structural regularity removes from the X-ray diffraction
patterns of such specimens differentiation of the scattering in a direc-
tional sense. This has the direct consequence that the available
intensity information permits the determination of the magnitudes of the
interatomic vectors, but not their directions. The results can be por-
trayed as a radial distribution function (ROF) of the radial distance
from any reference atom in the system. The average number of atoms is
given by 4nr2p(r)dr where r is the radial distance from the origin
and p(r) is the density fo the atoms. Thus the atomic coordination

number as a function of interatomic distance can be determined.

Energy dispersive X-ray diffraction (EDXD) analysis has proved to
be a very usefui tool in determining the intensity versus energy dif-
fraction patterns for amorphous solids.! The energy dispersive instru-
mentation, shown in Fig. 2, includes a solid state detector and multi-
channel analyzer. Data acquisition generally takes from five to ten
hours and data analysis is performed using a fast Fourier computer rou-

tine to transform the corrected diffraction information.

The energy dispersive diffraction system is not affected by fluc-
tuations in the intensity of the source since the counting of all pho-

tons 1s done simultaneously. No mechanically moving parts are involved
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so accuracy and reproducibility are higher than for an angular scan dif-
fractometer system. Also, the total intensity of the white radiation is
usually higher than the intensity of a characteristic radiation line,

resulting in much faster data collection.

During the first phase of the program, an EDXD system complete with
data analysis components has been assembled and the radiation distribu-
tion functions obtained for a number of amorphous iron-boron alloys
deposited on different substances as well as alloys obtained by rapid
quenching. Spectra of rapid quenched samples were found to be easier to
interpret due to the absence of a substrate. However, specimen depos-
ited on Kapton (duPont polyimide film) in contrast to those on quartz or
beryllium, are also easily amenable to data analysis due to lack of
interference from substrate. Our recently obtained results on a-Fe7)Bzg
are shown in Fig. 3 and are being presently analyzed in terms of a model

suggested by our Mossbauer data.

D. Mossbauer Studies

Missbauer spectroscopy has proved to be an extraordinarily useful
tool for investigating magnetic properties and structure of amorphous
alloys containing iron as one of the elemental constituents. Background
material on the Mdssbauer effect and its application to the study of

magnetic materials is well documented elsewhere,2 and will not be

repeated here,

Sputtered films of FexB1oo-x in the composition range, 40 < x £ 71,

not accessible by melt-quenching techniques were studied. The range
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covers the composition corresponding to crystalline compounds FeB,3 and

Fe2B* which facilitates the delineation of disorder induced effects.

Mossbauer spectra were obtained using a 37Co in Rh source at the
same temperature as the absorber, except in the 10 X experiments where
the source was at room temperature. External magnetic field experiments
were performed in a superconducting solenoid with both source and absor-
ber at 4.2 K. The observed broadened magnetic spectra were analyzed
using a version of Window's procedure for fitting a continuous distribu-
tion of magnetic hyperfine fields to a truncated cosine series expansion

of P(H).S

Several samples, prepared by sputtering Fez2B polycrystalline powder
from the iron source holder, were determined by SIMS to be homogeneous
(to better than $0.5%) and to have a composition very close to Fe7)B29.
Samples with somewhat less iron content were prepared by sputtering from
a mechanical mixture of FezB and FeB. The room temperature spectrum of
a typical sample,® compared with the spectrum of FezB powder, is shown
in Figure 4, Qualitatively, the spectra are similar except for two
prominent features which characterize nearly all the ferromagnetic
amorphous film spectra: (i) the six lines are broadened in the amor-
phous alloy, and (ii) the line intensity ratios are quite different in
the amorphous film compared with the crystalline powder. The broadened
lines of course reflect the non-uniqueness of the hyperfine field, and
the line intensity ratios indicate that the iron magnetic moments in the
amorphous alloy lie close to the plane of the substrate. In the (ran-

domly oriented) powder, the line intensities are close to the theoret-
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ical ratio (3:2:1). In the amorphous alloy the intensity ratios are not
immediately evident by inspection because of the distribution of hyper-
fine fields; however, analysis indicates that the ratio is close to
3:3.5:1 placing the average magnetization direction about 15° out of the
plane of the film. The magnetic hyperfine field distributions P(H) are
shown in Fig. 5 for various temperatures and are found to shift to
higher fields on lowering the temperature, Spectra were also obtained
in 50 K increments above room temperature up to 600 K. At 600 K the
spectrum is partially collapsed with Hpeak = 180 kQe, to be compared
with the value of about 250 kOe at 10 K. The result for the magnetic

ordering temperature is estimated to be larger. than 750 K.

The room temperature parameters of a-Fe7;B29 are not greatly dis-
similar from its crystalline near-counterpart, Fe2B. The disordered
structure of the amorphous alloy causes variations in the magnetic
hyperfine fields seen by different Fe atoms. The hyperfine field dis-
tribution, depending on the configurations of neighboring magnetic
atoms, is centered at a value near the Fe2B hyperfine field and is
rather symmetrically distributed about that value. This is in contrast
to results on a-FeB, discussed below, and points towards the existence
of similar chemical short range order in amorphous samples with a com-
position in the vicinity of Feg7B33 and crystalline FezB. The results
for sputtered Fe71B29 are also similar to those for melt-quenched
Fe72B28,” and are shown in Table I along with parameters for Metglas

FegoB20 and the metastable phase Fe3B.
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Sputtering pure FeB produced uniform films with a composition
Fes3By7 as measured by SIMS. Figure 6 shows the room temperature spec-
trum of Fes3By7.8 Unlike FezB, the amorphous sample spectrum is
distinctly different from its crystalline counterpart. The P(H) fit
shows a low field component plus a distribution centered around 130 kQe.
As the temperature is reduced the spectra show a broadly distributed
high magnetic field (~130 kOe) component increasing in both intensity
and width, The central peak in the Mdssbauer spectrum, indicative of a
low or zero field contribution, is present down to 10 K. The P(H) dis-
tributions show that the area under the main distribution becomes iarger
with decreasing temperature and that the peak of this distribution moves
toward higher magnetic field. At all temperatures there is a signifi-
cant peak at low field, encompassing the region approximately 0 to
60 kOe. MIssbauer spectra of amorphous samples with x ~ 50 and spectra
of Fes3B,7 at temperatures above room temperature all show a distinct
(partially resolved) quadrupole doublet near zero velocity. The quadru-
pole doublet persists above To in all samples, even down to 10 K (above
Tcs 1t is best fit by an equivalent P(H) distribution peaked near 40 kOe
with @ FWHM of about 40 kQe). The intensity ratio indicate that the
average magnetization direction in these samples lies approximately 50°

out of the plane of the film,

The Fe atoms in crystalline FeB experience a unique environment
with a saturation magnetic hyperfine field of 131 kQe. In order to
explain the observed distribution of magnetic hyperfine fields in the

amorphous FegoBsc alloys, one must conclude that a large number of Fe

~— i — s U
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atom environments are very different from the ones in crystalline FeB.
The large difference in the values of electric quadrupole splitting
(Ref. 9, Table 1) also points to the same conclusion, in contrast to the
interpretation of experiments on liquid-quenched amorphous Fe7sBzas,
where the local chemical order is believed to be the same as that in
crystalline Fe3B.7°10 The results suggest a structural model for amor-
phous FesoBso alloys in which somewhat more than half of the Fe atoms
reside in regions having a local chemical order similar to crystalline
ferromagnetic FeB, with deviations around the crystalline bond lengths
and angles. The remaining non-ferromagnetic Fe sites may lie on the
surfaces of, or at interstices between, these regions and thus have
local surroundings substantially different from the crystalline ones.

The number of these such sites increases with decreasing Fe content.

Since on reducing the iron concentration in samples with 50 + 10%
Fe the "low field bump" in the P(H) distribution increases in amplitude
at the expense of the "high field bump" (130 kQe) associated with the
ferromagnetic component, it was hoped that there would be little inter-
ference in the Mdssbauer spectra from the high field component if one
studied a sample of sufficiently low iron content to exhibit only the
Tow field P(H) bump. Therefore, a-FeyoBso sample was investigated under
a2 high external magnetic field to reveal the nature of the non-
ferromagnetic component. Interpretation of the high field spectra was,
however, not as simple as anticipated. This is primarily because at
least two, qualitatively distinct, types of magnetic behavior were

observed. In order to simplify the spectra a method for subtracting an
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observed non-magnetic component from the experimental spectrum was

devised. As an example, the H = 80 kOe experimental spectrum is

app
shown in Figure 7(a) together with a theoretical spectrum (solid line)
of just the diamagnetic component. The theoretical spectrum was
obtained using “"best guesses" for the hyperfine parameters. The method
of generating the theoretical spectrum for a mixed electric quadrupole/
magnetic dipole interaction is described elsewhere.l! For the diamag-
netic atoms the quantization axis is the external magnetic field direc-
tion, and the electric field gradient tensor principal axis is averaged
over all directions in computing the theoretical spectrum. Figure 7(b)
shows the experimental data after subtracting the diamagnetic spectrum;
and Figure 7(c) and 7(d) show the fit (solid line) and P(H) for this
“stripped" spectrum. The P(H) peak for the stripped spectrum is nearly
independent of the applied field (see Table I of Ref. 8), representing a
component in the spectrum that appears to be almost shielded from the
external magnetic field. Both this method and the P(H) distribution
method were used to analyze the external field data. The results indi-
cate that FeyoBgo possesses a complicated magnetic structure which is

not yet fully understood.8

E. Ferromagnetic Resonance

In the ferromagnetic resonance technique, one measures the absorp-
tion of microwave radiation as a function of an applied magnetic field
at different orientations of the field with respect to the film plane.
The measurements can be carried out at several frequencies and tempera-

tures and when carefully analyzed lead to the knowledge of saturation




TT——TY

—

- 11 -

magnetization relaxation parameters, and also provide direct evidence
for the degree of magnetic inhomogeneity in the film. The later infor-
mation is not easily accessible from other techniques. The method has
recently been exploited to study amorphous magnetic alloys and measure-
ments on our samples have readily established the magnetic homogeneity

of these samples as evidenced from the narrow linewidths.

The most detailed FMR measurements have been carried out in samples
with x in the vicinity of 0.5.12 Parallel geometry (Hq . 1 to sample
plane) was employed at frequencies of approximately 11 GHz and 35 GHz in
the temperature range 2-300 K. Using the equation (w/y)2 = H.(H.+4xM),
where Hr corresponds to the field at the resonance center, the Hﬁ data
were used to evaluate 4xM and the results are presented in Fig. 8.

Apart from slight deviations below ~20 K, the conventional behavior, M =
Mb(1-8T3/2), due to excitations of spin waves is a good representation
for x = 0.53 over the entire temperature range (i.e., up to T/Te =
0.54). For alloys with x = 0.49 and 0.47, the 13/2 dependence is
observed only for T > 80 K. At lower temperatures, the variation in Hp

is quite complex and will be discussed later.

The temperature dependence of the linewidth (Fig. 9) at 11 GHz
clearly shows the anomalous behavior at low temperatures. Above approx-
imately 125 K, the linewidth is independent of temperature showing a
characteristic ferromagnetic behavior. But at lower temperature, par-
ticularly for x = 0.47, linewidth increases rapidly and shows a maximum
at ~15 K. This behavior has been interpreted as reentrant ferromag-

netism in that the ground state at 0 K is not ferromagnetic but is
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instead a spin glass state. Thus, on reducing the temperature, a
ferromagnetic-spin glass transition is observed. It is postulated that
the spin glass state arises due to the existence of some of the Fe-Fe
interactions, either between spins or between clusters of spins that are
antiferromagnetic leading to competing exchange and therefore spin glass
behavior. Such a possibility had been foreseen in our original

proposal? and is being fully explored at present.

The anomalies in magnetization mentioned above have been shown to
depend on the rate of cooling as illustrated in Fig. 10 for x = 0.47.
The solid line is obtained either by cooling slowly (~0.25 K/min) or by
cooling in zero field directly to 4 K and observing H. during a subse-
quent warming. When the sample is first cooled rapidly (~2 K/min) from
80 K to 50 K, the H. values represented by solid circles are observed
during a subsequent warm-up. The warming could be carried out quite
slowly without affecting the H. data. Yet in another run, the cooling
between 80 K and 50 K is accomplished in ten minutes, followed by a slow

cool to lower temperatures and the data shown as full squares results.

It is clear that, depending on the cooling rate, the system ends up
in different metastable equilibrium states which constitute the local
free energy minima. The observation lend credence to the suggestion
that the spin glass state is inherently non-ergodic.l3 Many roughly
equivalent free energy minima with significant barriers between them
exist so that some of the minima are inaccessible during the approach to
equilibrium. The system can therefore get locked into a state of

"local” equilibrium in which the spin configurations and the consequent
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internal fields are quite different from those in the "true" equilibrium

state.

F. Theoretical Modeling

In marked contrast to the theoretical results on crystalliine
solids, little work on amorphous solids is available to explain the
existing data or to serve as a useful guide to planning new and defini-
tive experiments. The absence of long range order in the atomic struc-
ture introduces immense complexities in the comprehensive theoretical
investigation of amorphous solids. It is therefore imperative to
analyze relatively simple models which bear enough relationship to
actual disordered solids to be able to delineate the disorder induced
effects on electronic and magnetic properties. In addition, the anal-
ysis of such models serves as a useful guide in interpreting experi-
mental data and fruitful planning of new experiments. We have therefore
formulated and analyzed a theoretical model for magnetism in disordered

solids which is briefly described below.

Our model concerns systems containing a large concentration of
ferromagnetic metallic impurities in a disordered diamagnetic host. It
was actually the theoretical modeling that motivated our experimental

work on amorphous iron-boron alloys (a-FexB Such alloys, as

100-X)'
already mentioned above, exhibit many interesting properties that should
help us to understand phenomena as varied as hopping conduction,
insulator-metal transition and magnetic interactions in disordered

solids. A site-disordered alloy, Ax81-x’ with concentration x of
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magnetic atoms, A, randomly distributed in a nonmagnetic lattice of B
atoms with concentration l-x is considered. The lattice is assumed to
be structurally disordered which induces fluctuations in the ferromag-
netic exchange interactions between magnetic atoms. Thus, besides the
temperature and the coordination number of the lattice, the relevant

parameters for the discussion of thermodynamic quantities are the con-
centration of the magnetic atoms, x, and the measure of fluctuations,

A. The crystalline ferromagnet results in the limits x = 1 and A = 0

and serves as a useful check on the calculations performed.

In binary alloys, A,B _,, one would observe the onset of ferro-
magnetism for a critical concentration, xo, of magnetic atoms. Since
the conventional molecular field approximation does not predict a criti-
cal concentration, it would not be appropriate for discussion of the
properties of AxBl_x over the entire range of x. We have therefore
considered a cluster model and have investigated it within the Bethe-
Peierls-Weiss approximation.l* The resulting free energy is averaged
over all the configurations of the disordered system, and a self-
consistent condition on magnetization is used to yield expressions for
thermodynamic quantities of interest. The procedure allows a Systematic

investigation of the effect of fluctuations on various thermodynamic

variables.

It is shown that the critical concentration, xgo, is not influenced
by the presence of fluctuations.l* This is a reasonable result since it
is the presence of a magnetic bond that is important, not its strength,

The value of xo (= 1/3) is found to be in fair agreement with the exper-

L N
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imental value (0.4) deduced from the Curie temperature versus concentra-
tion measurements on iron atoms randomly substituted in amorphous ger-
manium,15 For x > xg, the fluctuations depress the values of the Curie
temperature, the high temperature magnetic susceptibility, and the mag-
netization relative to the corresponding values for the average crystal.
For small values of A, explicit expressions for the amount of decrease
in these quantities are obtained. However, the critical indices for
magnetization as well as susceptibility are found to be unaffected by

fluctuations.l¥

Although most amorphous solids containing a substantial proportion
of magnetic atoms are ordered ferromagnetically, more complex magnetic
structures can and do occur. The complexity of the magnetic structure
is determined by the crystalline field anisotropy and relative strengths
and signs of various magnetic interactions.l® One such complex magnetic

structure, termed "spin glass", possesses no long-range magnetic order

but does exhibit anomalies in its thermodynamic behavior.!7 It is
expected that a study of spin glasses will answer questions concerning

( the fundamental nature of exchange interactions.

The above formulation has been modified to discuss the static prop-
erties of the Edwards-Anderson Model of a spin glassl® where exchange
; interactions are assumed to obey a Gaussian distribution centered at

zero. Thus competing exchange interactions occurs with equal probabil-

ity. In our treatment,l® the presence of a finite number of nearest
neighbors increases the value of the spin glass transition temperature

compared to the molecular field result of Edwards and Anderson. Fur-
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thermore, in contrast to the molecular field approximation, the magnetic
susceptibility approaches the transition temperature from below with a

finite positive slope, in agreement with the experimental results.

The model has been further extended to random ternary alloys of the

type (AXB where A and B are magnetic species while D represents

1-x)c01-c
the non-magnetic atoms.29 Such a model allows for competition amongst
the three exchange interactions JAA’ Jag» and Jgg- We have analyzed the
model where Jy, is taken to be ferromagnetic while Jpg is assumed to be
antiferromagnetic and the sign of Jag Is allowed to vary. The details
of the model are being written up for publication and here we only sum-
marize the important results. Depending on the relative concentration

of various interactions, various phases are obtained. The equation that

determines the complete phase diagram is

1Ve2 12 3 - 1Ve2 12 3 =
x [(z-1)c Ll’2 F zcl.l’2 + 1] + (1-x)[(z-1)c L2 . 7 ch2 +1] =0
(1)

where z is the coordination number of the lattice. The upper sign is

for the ferromagnetic state while the lower sign is for the antiferro-

magnetic state and,

-
]

XL1(y1) + (I-X)Lz(yz)
and (2)

r~
"

xtz(yz) + (I’X)La(’a)'

The L;'s are the Langevin functions and their arguments yi's are given
by y; = 2 J,S(S+1)/kT with J; = Jaas Y2 = dpg * Jga = ad1 and J3 = Jgg *

BJi. Thus for a given set of values for (z, ¢, a, 8) one can obtain
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y;é’N = ch’N/2J1S(S+1) as a function of x; T. y being the Curie or the
Néel temperatures. The overall results for a number of parameters are
shown in Figs. 11 to 13. For x = 1, the alloy is ferromagnetic and its
Curie temeprature T. is decreased as increasing number of antiferromag-
netic bonds are introduced (Fig. 11). The rate of decrease depends on
the values of a and B as does the critical concentration at which the
ferromagnetic phase disappears (Figs. 12 and 13). The paramagnetic
phase prevails until the number of ferromagnetic bonds is large enough
to lead to the existence of antiferromagnetic phase above a critical
concentration. The Néel temperature then increases with decreasing x as

shown in Figs. 11 to 13.

At low temperatures, due to competing exchange interactions, one
might expect to obtain the spin glass phase. We have investigated such
a behavior for the above model in the limit of large z.21 The equations
determining the phase boundaries are given by,

2<E2> + 22g¢E> + 3 =0
(ferromagnetic-paramagnetic) (%)
and
<E2> = 1/2 (222q2 - 3)
(paramagnetic-spin glass), “
where q = (3/22)1/2, £ = J/2kTq = aJ, and z is the number of nearest
neighbors. The configurationally averaged quantities <£> and <g2> are

given by

KE> = ayzdf [x2 + 8(1-x)2 + 2x({1-x)] (5)

LIPS e —mi otz B . . 2 -~ a4 ae &
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and
<g2> = azyzdf[xz + 82(1-x)2 + 2a2x(1-x)]. (6)

The complete phase diagram of the random alloy is determined by Eqs. (3)
through (6). The results are depicted in Fig. 14 for y = 1 and z = 8.
The important point is that the slope dTSg/dx of the paramagnetic/spin
glass phase boundary in the vicinity of x., the point where the three

phases meet, is positive, zero, or negative depending on whether

/2
o %t a2(1-2xt) 1
|3| 5 (l_xt) . (7)

These trends have been noticed in a number of amorphous metallic alloys.

Lastly, we mention a recently developed model to understand the
dynamics of spin glasses, in particular the temperature dependence of
the resonance linewidth., The observed increase in linewidth at low tem-
peratures is seen to be caused by inhomogeneous line broadening due to
the existence of random molecular fielus. At high temperatures the
effect of these fields is negligible due to thermal spin fluctuations.
But as temperature decreases the spins with exchange energy greater than
the thermal energy start to correlate and produce local fields. As tem-
perature is lowered further, increasing number of spins participate in
producing local fields thus increasing the moment of the line shape; the
second moment being a direct measure of line broadening. For a spin
glass, the second moment is shown to depend on width of the field dis-
tribution and not the mean. Calculations are in progress for model

field distributions.
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HYPERFINE FIELD DISTRIBUTION P(H)

HYPERFINE MAGNETIC FIELD (kOe)

¢ Fig. 5. P(H) distributions for a-Fe,,B,s at 295, 77, and 10 K.
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Table I. Isomer shifts (§), magnetic ordering temperature (T.) and

value of H for which P(H) is maximum (H
amorphous alloys, polycrystalline Fe2B
phase Fe3B.
and absorber at 300 K.

) for several
the metastable

Isomer shifts are relative to a-Fe with source

Sample § (mm/sec) T (K) Hpk(kOe)
a-Fe71Bz9 +0.12 2750 222
(sputtered)
a-Fe72B238 +0.09 760 245
(melt-quenched)
a-FeggB2g +0.07 685 255
(Metglas alloy)
FeoB
(polycrystal- +0.12 1015 236
line powder)
Fes +0.5 ~820 242
(metastable) to to
+0.14 305
(at least 3

distinct mag-
netic sites)
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II. Summary of Important Results

In our studies on a-Fe,B alloys, we have produced sputtered

100-X
films of the alloys that are chemically and magnetically homogeneous.

This has required a proper choice of source materials and holders and a
careful control over deposition parameters. The excellent results could
not have been achieved without the examination of the samples by SIMS

and ferromagnetic resonance and incorporating the findings in refinement
of the sputtering equipment. It should be emphasized that chemical and

magnetic homogeneity is essential to controllable tailored materials and

applications in magnetic devices.

Mossbauer studies, besides yielding relevant magnetic parameters

for the alloys, have thrown light on the structure of the alloys.

Though the chemical short range order in metallic glasses has been dem-
onstrated to be similar to that in corresponding crystalline alloys, our
results indicate this to be true only for iron concentration, x, larger
than ~0.7. For alloys with x in the vicinity of 0.5, the chemical short
range order is significantly different from that in crystalline FeB for
about 30 per cent of the Fe sites. Such alloys also possess a magnetic
ground state (spin glass) that is different from the ferromagnetic state
of the crystalline FeB. The understanding of the modification of chemi-
cal and magnetic short range order would be extremely valuable for tail-

oring various properties of materials.

The experimental program has benefited from the guidance and inter-

pretation provided by accompanying theoretical modeling, A model, pre-
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viously designed for the study of evolution and behavior of ferromagne-

tism in disordered binary alloys, has been generalized to include

ternary alloys and to consider the possibility of competing exchange

interactions and the resulting spin glass phase. The trends predicted
for the stability of various magnetic phases in disordered alloys have

been experimentally observed in a number of amorphous magnetic alloys.
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SPIN GLASS - PARAMAGNETIC PHASE BOUNDARY IN AMORPHOUS MAGNETIC ALLOYS
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Abstract.- A compositionally disordered magnatic alloy (AxB;..).D;-c where A and 3 are msgnetic
species while D rapresents che nonmagnetic atoms is considersd. The competition among cthe axchange
interactions J,,, Jap and Jpp in these alloys can lead to the disappearance of the farromagnetisa
(for ferromagnatic J ,) below 2 critical concentrationm x,. for x < x,, ve show that vhile the
appearance of the spin glass stace ac lov temperatures is dependent on the ralative signs of the
exchange interaction, the details of the phase doundarias are controiled 5y the relative stTength
of the exchange inceractions. These conclusions are bJorne out by our experimental resulcs on the
amorphous matal-zetalloid alloys (FexNi,ey)-,G,gs (FeyMn oy)q,G., and (CoxMn,-y),4G,5 where

Gsg EPHB,M,. The magoetic phase diagrams for the three alloy systems vere outained from the ac
susceaptibility ceasurements and waile the slope of the spinglass parsmsgnetic phase boundary in tha
vicinity of che tricricical point is negative for the Fe=Xi alloy, it is alwost zerc for che Fe-tn

alloy and is positive for thas Co based alloy.

Introduction. Spin glass behavior has been observed
in a large number of systems including dilute al-
loys, where magnetic impurities are distriduted at
random on a crystalline lattice; or concentrated
alloys, which are compositionally and/or topologi-
cally disordered [1]. Both metallfe and insulating
solfds have been shown to exhidit the spin glass
state and ft is well established that competing ex-
change interactions, when present in adequate pro-
portion, are the essential element for the exist-
ence of such a state.

In a previous paper [2], we have obtained the
magnetic phase diagram for a bond disordered alloy
in which ferromagnetic and antifervomagnetic donds
are randomly distributed on a Tattice with a prod-
abiltty distribution P(J) = x6(J=ds) *+ (1-x)&(J=d2],
where J; > 0, J; < 0 and x {s the concentration of
Jy bonds while (1-x) that of J; bonds. For such a
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distribution, 1t was showm [2] that below a criti-
cal concantration x,, the spin glass state results
with a transition temperature, T“. proportional %o
(xo} + (1-1)J§]i. Thus the spin glass-paramagnetic
phase boundary, defined by dT,‘Idx. exhibits an
{nftial slope which is positive, zero or negative
depending on whether the magnitude of J; {s greater
than, equal to or less than the magnitude of J..
The zero slope case results from the fact that for
Ji = |Jal, Teg s independent of x. The situation
1s equivalent to the case of syrmetric continuous
distridution of J (e.g. Gaussian distridution)
which also lesds %0 a phase boundary with zero
siope (3].

In the present investigation we analyze the
random site disordered model and show the validity
of the general conclusions regarding the phrase
boundary briefly described adove for the bond case.
Certain modifications that result for the site case
and the relevance of the conclusions to our exceri-
mental cata on amorphous metai-metallaid alleys s
described Selow. '
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Model. A compositionally disordereq random magnet-
ic alloy (AxBi-x)ed1-c 13 considered wnere A anc 3
are magnetic specias while G represents non-magnetic
atoms. The exchange {nteraction Ja, s taken to be
sositive so that the pure A system (x=i, ¢=1) is
ferromagnetic below a certain critical temperature
Te. The system remains fearromagnetic with reduced
valuyes of Tc, for values of ¢ in the range ¢, < ¢

< 1 where ¢y is the critical conce'ntnﬁon for the
onset of ferromagnetism in the alloy AcGi-c. For

¢ 2> ¢y, wa investigate the disappearance of ferro-
ragnetism fn the alloy (AgBi_g).G:i.c 25 interactions
Jag 3nd Jgp dre introduced where at least one of
them {s antfferromagnetic. It is shown that for

X < Xy, depending on the temperature, ferromagnet-
{sm disappears into a paramagnetic or a spin glass
state. Of particular interest in the present study
1s the phase boundary between thess two states
which {s found to be determined by the relative
strength of J,g and Jgp with respect to Jpa. In
particular Teg 18 found to incresss, decrease or

stay constant with decreasing x depending on the
relative strengths of the exchange constants. The

confirmation of these trends 1s found n our exper-
tmenta] results on amorphous meta)-metalloid alloys
with c = 0.75 and A = Fe or Co while B = N{ or Ma,
and G35 = P, 48.0eAl 2. The magnetic phase dfa-
grams for these alloys are obtained from ac sus-
ceptibility measurements and 1t is found that in
vicinity of the tricritfcal point, Tyg incresses
with decreasing x for (CoxMNiag). 736,25 while it
decreases in (FexNii—x).74G.2s and s essentfally
constant for (Feghn;.z).7s8.1s.

Analysis. The randam alloy (AxBix)cBi-¢ is repre-
sented by & Heisenderg Mamiltonfan which {s ama-
tyzed within the Bethe-Peierlis-Weiss approximatfon.
The details of the methodolagy have been previously
described for amarphous binary alloys [4], spin

C8-719

3lasses withn Gaussian distridution of excnange
interacsions £3] ama Same 2isorcereg rangom magnet
721, and will not e repeated here. It is suffi-
cient to state that in BPM appreximation, one con-
sicers a cluster of & cencrai s2fr So and fts 2
nearest neighbors 5, s enceadeg i= an effective
medium defined by an inczarmal field¢ (H,-H,; which
dcts on the atoms on the surface of the cluster: H,
being the externally appifed ffeiZ. The Hamiltonfan

{s then written as
Kw o] JogSesSa - HeSe ~ Hi*) Sg (M
A 4

where Joa = J is a variable which for our random
alloy takes on values according tc the prodability
distridution

P(J) = x3cis(I=d,,) + (T=x} 2c? (Jadpp)
+ x(1-x}e28(I-3pn] + (1-c236Q0). (2)

The partitfon function Z for the above Hamiltenian
is most easily calculated tn the limit of large 2,
where it can be obtained {n a fcym that facilitates
[2, 4] taking the configurational average of the
free energy (1.e. In ). Taking the Edwards-
Anderson order parsmeter for the spin glass state
{61, we find that the phase doundaries are defined
by the equations [2],

23y + 22q¢J) + 3 = 0 Ferro-Para (3)
and .
@1y = } (22%1-3) Parmspin glass  (4)
where, .

3.8 . « 2 ,e2)"8

3o gy e 0 ana q {,w] . (s)

The angular drackets in Eqs. (Z) and (4) represent
the configurational average ove= the probability
distribution [Eq. (2)], which °s readily derformed
to obtain,

@ = L0 ¢ (ex)ts o 2(1xla]  (6)
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and

G = atelgdlet v (Tex)ig? + a(ex)atl (7Y

where a = Jaa/daa and 3 = Jps/Jaa. These equations
are used °0 obtain comnlete ohase diagrams and de-
tafls of the zalculation, without the large z re-
striction, will be sublished 2isewhere [73. HMere
our main concern is the soin glass-paramagnetic
phase boundary and this {s obtained by substituting
Eq. (7} in Eq. (4) to obtain (S=1)

2
kT
[n""‘] . Jsrfr c2[x? + 2x(1-x)a? + (1-x)283].(8)
AA

Therefore the sign of dT,./dx is determined by the
axpression {x + (1-2x)a® - (1-x)82]. Thus, in the
victnity of the tricritical point x, dT,./dxl,t is
positive, zero or negative depending on whether

+ (12 )ar) :
I8l ﬁ, E—t—nﬁ (9)

Schematic phase diagram based on above considera-
tions s shown in Figure 1.

Experiment. All the alloys in the three systems,
Co-Mn, Fe-Mn and Fe-Ni, were prepared in the form
of ribbons by the melt spinning technique on the

T Ty

figure 1.

diagram (schematically) for the model dis-
:"u:::d 1:qm. taxt. The three nr:;sai:ﬂ 2:'1? )
ries correspond t0 greater cer)y

::::: l,::tm'(‘?f----) and less than (B-8-8-)signs in

£q. (9).

outer surface 57 a rotating cooger-iranze 3isc _il.
L-ray tecnniques ~ere uysed to ascerain the :vor-
phous nature of the alloys. Law fleld ac-suscep-
tibility technigues were used *0 determine :he
ragnetic ardering temperatures ‘n :oth the ‘errc-
magnetic and spin glass regimes of cthe allays.
About 3 mmn Tengths were cut “rem ribbons of
amorphous alloys of approximately 1.55 rmx(25-20)
un cross-section and packed to form a cylinder
enbedded {n candle wax. This was then packed in
the cofl of an ac-susceptibility bridge [9] with
the longer dimension along the cofl axis. The ac-
susceptibilfty was measured in a field of % 3 Ce
(rms) at 300 Hz. A check at several frequencies
between 100 Hz and 1 Khz showed no significant
differences {n the data obtained. OData taken both
on warming and cooling the sample were completely
reproducidle. The absolute temperature of the
sample, in good thermal contact through an He ex-
change gas with the cooling/warming chamber, was

determined using a calibrated platinum thermome-
tar. I[n the ferromagnetic regime, the ac-susceptt-

bility as a function of temperature exhibited a
sharp rise near T, and achived a constant value,
determined by the appropriate demagnetization fac-
tor, below it. The temperature corrasponding to the
‘kink-point’' was then taken as the Curfe tempers-
e Te. The values of T thus obtained agree %
within £2K with those detérmined by other standard
techniques 11ke, for example, VSM measurements. At
concentrations corresponding to the spin glass re-
gime, & sharp characteristic ac-susceptidbility cusp
was ocbservad for all the alloys and the spin glass
tewmersture, T,o, was thus determined to better than
1K,

Results. In the Fe-Mn alloys, Fe and Mn possess
camparable moments and while nearest neighbor Fe-Fe
pairs are ferromagnetically coupled, the nearest
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neighdor Mn-Mn and Fe-Mn pairs are antiferromagnet-

ically coupied. Figure 2 depicts the observed
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Figure 2

Phaso diagrm for the amorphous alloy series
(FexMni-x)s.73Pe.16Be. 0eAl0. 03,

transition temperatures as a function of the alloy
composition for the amorphous (FexMAi-x).7s6.2s
series. Ferromagnetism prevafls for x » 0.6 and
{ncreasing concentration of Ma introduces enough
competition among exchange interactions (frustra-
tion) %0 lead to the spfn glass phase. It has been
shown that the magnetic susceptidility along the
spin glass-parsmagnetic phase Doundary as well as
the ferromagnetic-paremagnatic boundary of this
series of alloys satisfies a scaling hypathesis
appropriate to a multicritical point common to doth
boundaries [10]. The value of Tyg and the magni-
tude of the susceptibilfty at Teg, both decrease
with decreasting value of x from 0.6 to 0.4. The
inftial drop in Tyq nesr the mit{critical point 1s
however very siow and the siope of the parsmagnetic-
spin glass phase boundary 1s almast zero correspond-
tng to the equality sign fn Eq. (9).

Figure 3 shows the concentration dependence
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Phase diagram for the amorphous alloy serfes
(CogMnigle, 7sPa, 14Be, uMQ "

of the trangition wmutuns (Tes Tog) for the
alloy serfes (CoxMny—x).ssG.2s. Agatn, while this
alloy s a ferromagnet for x > 0.75, a spin glass
type behavior {s cbserved for x < 0.6, However,
in contrast o the behavior cbserved {n the case of
Fe-Mn alloys, T,g Increases with higher concentra-
tions of Mn for this systam: a behavior predicted
by the upper sign in Eq. (9]. In additton, it i
found that the maximum value of the susceptibility
of Teg decresses rather rapidly with further addi-
tion of Mn in this alloy system: so much so that it
was not possible to obtain relfable Tyg values for
x < 0.4 by this method. 1t {s useful to point out
that such an unusual behavior of the concentration
dependence of Tgg has aiso been reported recently
for crystalline Co-Mn alloys {11]. A further evi-
dence for the observed slope of the spin glass-
parsmagnetic boundary is cbtained from the ac-
susceptidbility data for 2lloy campositions clase to
the multicritical point. For example, it is found
that for x = 0.7 alloy the ac-susceptidility ex-
hibits a sharp characteristic kink-point correspond-
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ing ta the ferrz=igsetic transition, T = 110K,
wnich is zhen foilcWed Dy a srarp arep in vy,
characteristic oFf 3 spin glass pnase at 2 lower tem-
perature T o % 60K. Further details of these will
he sublished alsewrare (121, These lower <ransi-
<fons observee “cr allay concentrations close %0
the mylticritical sofnt extrapolates weil to the
spin glass 1ine as shown in Figuyre 3.

#hile the twa amorphous alloy series des-
cridbed above belong %o the concentrated spin glass
systans, the series (Fe Ni;_.).73G, 3¢ Delongs to 3
dﬂut! spin glass sytam. For the particular com-
position of the glass former chosen, Ni has essen~
tially zerc woment and simply acts as a diluant.

The bemavior in the spin glass region is indead
found to be similar to the dilute crystalline Au-
Fe serfes [13]. As shown in Figure 4, the spin
glass state sets in only fo;- x € 0.18 and corre-
sponding to the lower sign in Eq. (9), the value of
Teg decreases with cacressing x.
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Phase diagram for the smorphous allgy serias
(FaxNt1ax)e. 7P, 1680, 0070, 03.

References

T1] Recent reviews on the subject ‘nclude, A.
Blandin, J. Physique. Collog. 39 (1978) C6-
1499; J. Souitle, J. Physique, Collog. 39
(1978) €2-3; <. %. 3uy, J. L. Tholerce, H.
Maletta, ). J. Thouless, J. A. Hertz, and
S. Xirkpatrick, Panel Dfscussfon: Spin
Glasses, J. Appl. Phys. 50 (1979) 7308.

[2] K. Moorjani and S. K. Ghatak, Solfd State
Commun. 26 (1978) 357.

(3] 0. Sherrington and S. Kirkpatrick, Phys. Rev.
Lett. 35 (1975) 1792.

(4] K. Moorjani and S. K. Ghatak, J. Phys. C Solfd
st. 10 (1977) 1027.

(5] $. K. Ghatak and K. Moorjani, J. Phys. C Solid
st. 9 (1976) L293.

(6] S. F. Edwards and P. W. Andersan, J. Phys. F
Met. Phys. 5 (1975] 965.

[7) S. K. Ghatak and K. Moorjant (to be pubdlished].

[8] H. S. Chen and C. E. Miller, Mat. Res. 8ull.

11 (1976) 9.

[9] R. W. Tustison (1976) Ph.0D. Thests, University
of I111nois at Urbans-Champaign.

{10] M. B. Salamon, K. V. Rao, and H. S. Chen, Phys.
Rev. Lett. 44 (1980) 596.

(11] 0. R. Rniger, D. Muller, and P. A. Beck, Proc.
1CM79, Munfch (1979) (to de published).

[12] X. V. Rao, B. Kkramer, Y. Yesheran, and M. B.
Salamon (to be published).

[13] 8. R. Coles, 3..V. B. Sarkisstan, and R. H.
Taylor, Phil. Mag. 337 (1978) 289.

- IS Sprsear e AR PSS PR S E




T LK

v

- ' Tl

APPENDIX 2

Hyperfine field distributions in ferromagnetic amorphous

Fe,B,_, thin films®

N. A. Blum, K. Moorjani, T. O. Poehler, and F. G. Satkiewicz
The Johns Hopkins University, Applied Physics Laboratory, Laurel, Maryland 20810

Sputtered films of amorphous Fe,B, _, (0.40 < x <0.50) were studied by Mdssbauer spectroscopy. The films
were characterized for composition and homogeneity by secondary-ion mass spectrometry (SIMS) and for
Iack of crystallinity by X-ray diffraction. Below the magnetic ordering temperature T,, the hyperfine spectra
consist of a large amplitude quadrupole doublet superimposed on a broad magnetic hyperfine field
distribution. The spectra of these alloys are remarkably different from that of polycrystalline FeB and from
those of liquid-quenched alloys which are restricted to compositions near the eutectic at x=:0.8. Comparison
with the polycrystalline FeB spectrum clearly shows that for a significant fraction of the Fe atoms in the
amorphous alloys, the local environment is substantially different from the Fe environment in FeB.

PACS numbers: 76.80. + y, 75.50.Kj, 75.50.Bb, 75.70.Dp

INTRODUCTION

Liquid-quenched Fey By_, (.72 < x < .86) alloys
can be prepared in an aworphous form which is stable at
temperatures below about 400°C. These alloys are fer-
romagnetic with sagnetic ordering temperatures T,
increasing from 279°C to 487°C with decreasing Fe con~
cqntration (1). At temperatures well below T, the
Mossbauer spectra are all similar to that of Fe goB ;9
and exhibit a well defined, though brosdened, six-line
magnetic hyperfine structure which can be understood as
arising from a distribution of hyperfine fields P(H)
dues to the multitude of inequivalent Fe sites (2-4).
Assuming a continuous distribution for P(H), it has
been shown that for all of the above mentioned alloys
P(H) may be descridbed as a nesrly symmetric, smooth peak
of half-width about 100kOe, centered between about 270
and 310 kOs for x between .72 and .86 (1). In all cases
there is no evidence that, below T,, any appreciable
fraction of the Fa atoms experiences a magnetic hyper-
fine field of zero. Similar results were obtained for
amorphous Fe goB 20 by assuming a discrete distribution
P(Hy), vhere five values of By were usad, corresponding
to the five most probable Fe nesr-nsighbor configura-
tions derived from the Bernal model of dense random
packing (3 ..

We have carried out Mossbauer measurements on
sputtered films of amorphous Fe; B -x in the concen-
tration range 0.40 < x € 0.50, qutl‘c different from
the range ususlly available in liquid-quenched alloys.
Our investigation shows that even below T., a substan-
tial fraction of the Fe atoms experiences s very
small, or zero msgnetic hyperfine fisld. Furthermore,
the values of electric quadrupole splitting for these
alloys are found to be significantlly different from
that of the intermetallic crystalline compound FeB.
These results indicate that the locsl surroundings of
some of the Fe sites in these smorphous alloys are
different from the surroundings of Fe sites in the
corresponding crystalline compound; comclusion i{s in
contrast to the reported behavior for x = 0.75 (5h

SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURES

Films approximately 2 to 4 um thick were
sputtered in an argon atmosphere onto both beryllium
foil and r»in glass discs sttached to a water-cooled
heat sink maintsined near room temperature. The
source consisted of a mechanical mixture of Fel and
boron powders contained in a shallow dish target
holder fabricated entirely from soft iron. The compo-
sition of the source mix was varied from 32 to 40 at.

2 Fe to produce films with somevhat higher Fe con-
centrations than the composition of the starting mix.
This is because of the unavoidable sputtering from
the iron source holder as well as because thare is a
higher sputtering yield for Fe than for B. The films
on glass were used for X-ray and SIMS analysis, while
those on baryllium were generally used as MBssbauer
absorbers. Low angle X-ray diffraction failed to
shov any structure in the films.

Secondary-ion mass spectrometry (SIMS) using a
sputter iom source was used to analyze and determine
the composition of the films. The instrument employed
was a CCA IMS 1013 (6). A defocused primary beam of
10keV Art was used to sputter the samples. Both poly-
atomic and atomic spectra wers taken as sputter con-
tinued. From these spectra and those of bulk FeB com-
pounds of known composition, information on film compo-
sition, homogeneity, and bonding state was obtained.
It was found that the relative ion yield of boron and
iron depends on the oxygen content of the films. When
sputtering vas done in a partial pressure of oxygen
(10=3 Torr), these differences wers found to be
removed; sccordingly, compositions were determined in
oxygen. The results of SIMS analysas were used to
point the vay to refinements in fila prepsration which
resulted in suitable films for Missbauer studies. The
films wvere found to be compositionally homogeneous to
within 1 to 2% and total impurity levels (except for
oxygen) were below 0.52. Analysis of some of the Be
substrate samples which were used for the MBgsbauer
studies indicates that there is a small varigtion in
composition (+ 1 to 2%) between various samples
sputtered at the same time. Neither of the commen
iron oxides (Fey0; or Fe30;) was obssrved in aay of
the Mubarr spectra.

The 3/Fe MBssbauer spectra were obtained using a
57Co in Rh source at the same temperature ss the
sbsorber, except in the 10K experiments vhere the
sSource was at room temperature. In most experimants
2 or 3 beryllium disc absorbers were stacked to give a
total film thickness of 3 to 10 um. The slight dif-
ferences in composition batween the discs contributed
a negligible amount of line broadening. The velocity
spectrometer consists of a constant acceleration elec-
tromechanical transducer of conventional design
together with a multichannel analyzer operated in the
normalized mode for collecting and storing the data.
Where the spectra are vell resolved, they vere analyzed
by a least-squares fitting program to a sum of
Lorentzian shaped lines - generallv for absorbers above
Tes OF where only non-magnetic spectra were observed.

1808 J. Appl. Phys. 52 (3), March 1881 0021-8979/81/031808-0381.10  © 1981 American Institute of Physics 1808




Tal

T

-~—r—rr v

e wann au AES BN an s aux SRS D)

v

The broadened magnetic spectra were analyzed using &
version of Window's procedurs for fitting a continuous
distribution of magnetic hyperfine fields to a trun~
cated cosine series expamsion of P(H) (7)., The imstru-
mencal (observed) line width (for the inner lines of a
thin iron foil absorbar) vas less tham 0.3 mz/sec.

RESULTS AND DISCUSSION

MBssbausr spectrs of samples A, B, and C at 300K,
77K, and 10K are shoym in Figure 1 (also C ac 200K is
shown). A qualitative svaluation of rhe spectra shows
that atroom temperature the low Fe content samples (A
sad B) have a negligibly small (or zero) magnetic
hyperfine structure. The asymmetrical, brosdened,
quadrupole split doublet is typical of disordered nom-
magnetic systems in which the asymmetry is generally
thought to be due to a correlation between the isomer
shift and the quadrupole splitting (8)s The line widths
(FWHM) of the quadrupele doublet components in Fig.l(a)
and (d) are 0.503 + .002 mm/sec; this is nearly double
the line width that would be expected from a single
site absorption line and indicates a distribution of
quadrupole interactions and isomer shifts vhich s
nevertheless narrow in comparison vith the average
qusdrupole splicting. Some of the quadrupole splic-
ting may be caused by strain in the films due to dif-
ferences in expansion betwesn the film snd substrate.
The room temperature values of igomer shift ¢ and
qusdrupole splitting AZq along with those for crystsl-
line FaB are shown in Table 1. PFor seaple C, the value
of AEq is derived from the splitting of the ioner psir
of lines without regard for the umderlying magnetic
hyperfine structure (hfs).

Relative to the rocm temperature isomer shift for
a-Fe, the values for quenched alloys (.72 € x € .86)
are positive and incresse almost linesrly with incre-
sing boron content (1), This implies an incressing
trensfer of electrons from boron to the d-band of the
alloy vith increasing boron coantest (11)»» Though the
values of § for our samples (0.40 ¢ x & 0.50) are
axperimentally indistinguishable from ome another, the
avarage value, § = 0.22 =m/sec, for the thres slloys
follows the above trend and thus indicates that tha
charge transfer per boron atom in -the sputtered alloys
occurs at about the sams rate as in the Quenched
alloys.

Figure L shows that at77K the sample A (x = .40)
spectrun is unchanged frow that at 300K, except for a
suall increase in AEq; the line widths ste the same
at both temperatures, and there is no evidence of
asgnetic ordering. At 10K there is some broadening
of the quadrupole components, but there is no indics~
tion of a hyperfine field greater tham 40 kOs. The
area under the split pair of Quadrupole sbsorptiocn
1lives, however, is less at 10K then ac 77K; chis
could be dua to a veak, very brosd magnetic absorp-
tion spectrum vhich is duried im the counting sta-
tistics, or it aay be an artifact of the low temper-
ature experimental arramgement. Tha spectra of
ssmples B (x = .45) and C (x = .50) shov that aa
incressingly large fractiom of the Fe sites becomes
msgnetically ordersd as the temperature is lowered.

At a tized temperaturs below Tc, the frsctiom of
asgnetically ordered atoss incresses as the Te
content is increased.

All the spactra have a distinct doublet near
zer0 velocity, similar to the well resolved quadru~
pole doublet in Pigure 1(s) vhers thers is 5o evi-
dence of a magnetic hfs. Curicusly, the asymmstry
of the doublet, in which the higher ensrgy cowponent
(positive velocity) is more intense for tha spectrs
without magnetic hfs, reverses in the presence of &
large magnatic hfs. The presance of s large sagnetic
hes, in which the quadrupole intersction camn be
treated as a perturbatiocm, has the effect of sverag-
ing the angle 0 between the IVGC primcipal axis and
the internal msgnetic field direction, since the
former diraction is random 1a a disordered alloy,
wvhile che lstter is correlated smong atoms in & fer-

1809 J. Appl. Phys., Voi. 52, No. 3, March 1981

romsgnetic domain (9). Balow T., therefore, the mag-
netic hyperfine lines are broadened, but not shifted
or made assymetric by the quadrupole intersction. It
appears that the correlation between § and AEq which
exists sbove T, is differenc below T.. This is readily
understandable in principle, since AEq and § for a
given Fe atom are both functions of the nesr-neighbor
configuration ‘surrounding that atom, and the near-
neighbor configuration is also responsible for its
magnetic state.

All the spectra were anslyzed in terms of an
effective distridbution of hyperfine fields P(R), as
described earlier (7). The important features for the
present discussion are that the qusdrupole doublet is
alvays fitted by an equivalent P(H) discribution sharply
peaked around 40 kie wvith a FWHM of sbout 40 kOe. At
higher hyperfine fields a P(R) representing megnetic
atows is observed which is peaked at values that ara
concentration and temperature dependent. There are a
nuaber of different wvays of generating P(H) distribu-
tions from MSssbauer spectra, and the distributions
described above are not mesat to indicace wore taan the
coarse featurss listed {n Teble II (10). The ratioc of
non-magnetic (H ¢ 40 kOe) to magnetic (H > 40 kOe)
atous is given by the area under the first peak (low H)
in the P(H) distridbutiomn divided by che total positive
area under P(H).

The Fe atoms in crystalline PeB have a unique
environment with a saturation zmegnetic hyperfine field
of 131 kDe; it is difficult to explain the obsarved
distribution of magnetic hyperfine fields in the amor-
phous Pe_so B 5o slloy without assuming thst a large
number of Fe atom envirovments are very differeat from
the ones in crystalline FeS. The large difference in
the valuss of electric quadrupole splitting (Table I)
also points to the same conclusion, which is in con-
trast to the interpretation of results on liquid-
qusnched amorphous Fe 75 B 25, vwhera the local chea-
icsl order is believed to be the same as that in
crystalline Fe38 (5). These results suggest a struc-
tural model for the amorphous Feg g By g alloy in
which about 70X of the Fe atoms reside 2: regions
having a local chemical order similar to crystalline
FeB, wvith deviations arcund the crystalline bond
lengths and angles. The resaining Fe sites may lie
on the surfaces of these regions snd thus, have locsl
surroundings sudstantially different from crystallinme.
Such sites are either paramagnetic, non-magnetic,or
possibly a combination of the two; their number in-
creases as Fa conteant of the samples decreases
(Table I1).

'
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Table I. 1lsomer shifts (8) and quadrupole splitting
(ARq) for samples A, B, C and crystalline FeB at room
temperature (axcept Fad , see text). Isomer shifts

are relative to a-Fe at .
n
Semple [ (T:c) Atq (mm/sec)
A- h.w '.60 +0.222 + .01 0.600 + .01
- h.“ !.” |I +0.207 &+ .01 0.575 + .01
C*7re 50 ] 0 +0.223 + .01 0.639 + .04
Crystalline Fed + .2 0.217 + .008
| (at 600K)
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Table II. Fraction of Fe atoms having hyperfine
fields H € 40 kOe, £(0); and
prominent peak above the peak associated with the
H = 0 quadrupole distribution.
from the P(H) distributions for samples A, B and C
at the indicated temperatures.

eak Of the first

Values are obtained

v rr,w A

a)
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

b "

]

%

P .

Li-

{

%

3

‘ .

rr‘

L. 1810

g~

.

s H (kOe)
ample T(K) £(0) peak
300 10 =
A-Pe,, B 77 0.9 -
40 760 1 90 | o8 -
- 300 1.0 -
-Fe , B 77 0.63 | 106.
-45 7,35 10 0.60 | 129.
300 0.45 | 116.
} 200 0.45 | 127.
C - Fe 593 50 77 0.3 | 131.
10 0.30 | 13%.
Crystalline Fe8 | 300 0.0 118.
0 0.0 131,
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APPENDIX 3
Méssbauer investigation of sputtered ferromagnetic

amorphous Fe B, , films®

N. A. Blum, K. Moorjani, T. O. Poehier, and F. G. Satkiewicz
The Johns Hopkins University, Applied Physics Laboratory, Laurel, Maryiand 20707

Iron boride amorphous films were prepared by tf sputtering of polycrystalline FeB and Fe,B powders. The
films were analyzed for purity, uniformity, and composition by secondary ion mass spectrometry and were
analyzed for lack of long range order by x-ray diffraction. As in the melt quenched alloys, Mssbauer spectra
revealed a broad and nearly symmetric distribution of hyperfine fields in samples with a composition near a-
Fe,B. The hyperfine field distribution in samples with a composition near a-FeB, however, is asymmetric, and
more significantly, reveals a large number of Fe sites with zero magnetic hyperfine field at temperatures down
t0 10 K. Analysis of the data throws light on the chemical short range order in the alloys.

PACS numbers: 75.50.Kj, 76.80. + y, 75.50.Bb

INTRODUCTION

Earlier findings that smorphous alloys may retain
the chemical short range order of corresponding crys-
tals (1), have been abundantly confirmed by a variety of
techniques (2). In this paper we investigate chemical
short range order in a-FexB,,,., around concentration
ranges of the stoichiometric compounds FeB, Fe;B, and
FesB. Earlier studies (3,4) in the concentration range
72 < x < 86 of the melt quenched alloys have shown that
the chemical short range order for x = 75 is similar to
that in crystalline FPejB (4), and that the ferromagne-
tic Curie temperature T, of the alloys incresses from
approximately 550 K to 760 K as the iron concentration
is decreased from 86 to 72 percent (3). Since the vslues
of T for the compounds FeB and Fe;B are approximately
600 K and 1000 K, respectively (5,6), it is expected
that the above trend would be reversed for some concen-
tration in the range 50 < x < 72.

RESULTS

Thin film samples were prepared by rf sputtering of
FeB and Te;B powders in an argon atmosphers onto thin
(250 um) beryllium foil discs. X ray diffraction was
used to ascertain the amorphous nature of the samples,
and secondary ion mass spectrometry (SIMS) was used to
determine the composition and homogeneity of chc films.

Mossbauer spectrs were obtained using a 37Co in M1
source at the same temperature as the absorber, except
in the 10 K experiments where the source was at room
temperature. Tabulated isomer shifts were calculated
with respect to iron at 300 K. The broadened magnetic
spectra wera analyzed using a version of Window's pro-
cedure (7) for fitting a continuous distribution of mag-
netic hyperfine fields to a truncated cosine series ex-
pansion of P(H).

The room temperature spectrum of a-FeyiB2y is com-
pared with the speactrum of Fe2B powder in Fig. 1. The
spectra are similar except for three prominent features
vhich characterize nearly all the ferromagnetic amor-
phous fila spectra: (a) the six spectral lines are
grestly broadened in the amorphous alloy; (b) the fm »
0 line intensities (lines 2 and S) are quite different
in the amorphous film compared with the crystalline
powder; and (c) the amorphous fila spectrum is notice-
ably asymmetric. The broadened lines reflect the dis-
tribucion of hyperfine fields, and the line intensity
ratios indicate that the iron magnatic moments in the
amorphous alloy lie close to the plane of the substrate.
In the randomly oriented powder the line intensities are
close to the theoretical ratio, 3:2:1. In the amorphous
alloy the intensity ratios are not immediately evident

by inspection b of the distribution of hyperfine
fields; howsver, analyeis indicates that the ratio is
close to 3:3.5:1; this places the average magnetizationm
direction at room temperature about 15° out of the plane
of the film. The asymmetry in the spectrum reflects the
anisotropy of the hyperfine fields and perhaps a corre-
lation between the isomer shift and/or the quadrupole
splitting and the magnetic hyperfine field components.

Fe,8 (POWDER)
T = 298K -
1.00 v, . N )
\'-_. FLA “‘"‘\‘ A ~
P LT
98| % .
. o . - :
s .
£
H
2 000
g 090
s
5 oFoy,8,y
a2 T = 208K -
[ 4
1.00[ WA~ o
w.,_' - ‘,n"
N fii 3N !
Pl e I
\.' VPV Y e
M [y
s.... )
8 ry i () ) ry s
VELOGITY (mmvsec)

(a) Spectrum of FezB polycrystalline powder
compared with (b) spectrum of a-FeriB2s sput-
tered film, both at room temperature.

The spectra at 77 K and 10 K are similar to the
TOOm temperature spectrum, as are the P(H) distributions
vhich are centered at a value near the FeiB hyperfine
field, and are rather symmatrically distribduted about
that value. This differs from results om a-FeB, and
points towards the existence of a similar chemical short
range order in both the crystalline sample and in smor-
;ho:n samples with a composition in the vicinicy of

2B,
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Fig. 2. Spectra of a-Fes By sputtered film at various
tesperstures compared with FeB polycrystalline

powder at room temperature.

Amorphous film samples in & rauge around x = 30
were prepared by sputtering Fel snd sechanical sixtures
of FeB plus B. Uniform films were produced with compo-
sitions batween Fey9eBse and FesiBuy, 88 messured by

SIMS. FPFigure 2 shows spectra of Fes Bus at various tem-

peratures cowpared with the spectrum of crystalline
powder FeB at room tempsrature. Unlike Fe3B, the smor-
phous sample spectrum is distinctly different from its
crystalline counterpart. The P(R) fit shows a stromg
low field comwponent plus a lov amplitude distribution
centered around 100 kOe. As the temperature is reduced

(Fig. 2) the spectrs show a broadly distributed magnetic
field component (- 100 kOe) incressing in both intensity

and width. The lower pesk in the spectrum, indicative
of a low or zero fiald contridbution, is present dowm to
10 X. The P(B) discributions show that the arss under
the higher field distribution becomes larger with de-
creasing temperature snd that the peak of this distri-
bution msoves towards s higher magnetic field. At all
temperatures there is & significant low field pesk, en-
compassing the region approximately 0 to 60 kOe. Ald
sampies with less that sbout 50 percent iron have a
distinct (partially resolved) quadrupole doublet near
sero valocity (8). The quadrupole doublet persists be-
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low T¢ in all samples, even down to 10 K. The quadru-
pole doublet (sbove T.) can be fit by sn equivalent
P(H) distribution peaked asbout 40 kOe with a FWlil of
about 40 kOe. This is an arcifact of the fitting pro-
cadure in wvhich the quadrupole doublet is interpreted
as & discribution of six overlapping, magnstically
split lines. The ratio of ‘nonmagnetic (B < 60 kODe) to
magnetic (H > 60 kOe) atoms may be obtained from the
P(H) distributions. The fraction of nonmagnetic atoms
at 10 K 1s spproximately 30Z and increases with tem-
perature (8).

In Table I we list the isomer shifts, quadrupole

splittings (msasured above T.), and the magnetic order- ..

ing temperatures (TI:) for the a-FeP seriss of samples,
together with relevant parsmster values of a-Fe:B
samples and their crystalline counterparts. There is
a significant isomer ghift between a-FeB and a-Fe;B
(48 = 0.10 sm/sec), showing that electrons are trans-
ferred to the d-band of the alloy with increasing
boron concentration (9). The small differences in ¢
smong the several s-FeB (40 < x < 51) and a-Fe:B

(71 < x < 80) samples sre vithin the experimsntal er-
rors of the maasurements (. .02 sm/sec). Ome might
expect some structural differences between melt-~
quenched and sputtered alloys; however, the accuracy
of the present data is inadequate to support or reject
this view.

Table I. 1lsomer shifts (5) and quadrupole splittings
(AIQ) at room temperature (except as noted), and values
of magnetic transition temperature (T.) for several
sputtered amorphous films, malt quenched (m.q.) ribbons
and stoichiometric crystalline compounds. The sputtered

amorphous film values sre from this paper; the others are

from the references.

Sample ¢ (am/vec) AZq (wm/eec)] T, (K)
a-Fasedys +0.22 0.60 < 10
(sputtered)
a-Fassbss +0.21 0.58 ~ 100
(sputtered) ‘
a-Fegebso +0.23 0.64 2 350
{sputtared)
a=Fesi1Bee +0.22 0.5 375
(sputtered) (at 130K)
cryst. Feb +0.26 0.22 600
(Ret.S) (at 600K)
a=Far1B29 +0.12 - > 7%0
(sputtered)
a~Fesesh2e +0.09 - 683
(m.q.,Ref.3)
a=Parabse +0.07 - 760
(n.q..Ref.3)
cryst. To3d +0.12 - 1015
(Ret.6)
cryst. Pesd +0.05 - -~ 820
(Ret.3) to

+0.14

At temperstures above room temperature the quad-
rupole doublet (unresolved in Fig. 2) becomes partial-
1y resolved. Assuming that the entire spectrum is
composed of two lines (s quadrupole doublet), a plot
of the average line width of the two lines as a func-
tion of temperature indicates the temperature at vhich
the broadening due to the magnetic background disap-
pears; this gives a value T¢ = 375 K for a=-Fesibdes.

As expected, the trend towards higher T, vith decreas-
ing Fe content (3) reverses somswhere between 51 and
71 parcent Fe.
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CONCLUSIONS

In order to explain the observed distribution of
magnetic hyperfine fields in the amorphous FeB alloys,
one must conclude that a large number of Fe atom envi-
ronments are very different from the ones in crystal-
line FeB. Our results suggest a structural model for
amorphous FaeB alloys in which up to 70 percent of the
Fe atoms reside on sites having local chemical order
similar to the crystalline state, with deviations
around the crystalline bond lengths and angles. The
remaining 30 percent (nonmagnetic) Fe sites may lie in
local surroundings substantially different from the
crystalline ones. Such sites are either paramagnetic,
nonmagnetic, or possibly a combination of the two; their
number incresses as the Fe conteat decreases. In con-
trast to the results for a-FeB, a-Fe:B appears to have
chemical ordering similar to the crystalline state.
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SPIN GLASS BEHAVIOR AND NON-ERCODICITY IN AMORPHOUS
IRON-BORON ALLOYS*
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We report FMR measurements on amorphous Fexl

thin filmg with

x=0,47,0.49 and 0.53. At low T we observe .%55.11.. characteristic
of the FM-SG transition. In addition, in cthe 0.47 and 0.49 alloys
the resonance field, below 80K, depends upon the rate of cooling. We
suggest that this behavior is symptomatic of non-ergodicity in the

spin glass state.

Introduction

Crystalline and amorphous alloys of the
type chl-x' vhere M denotes one or more

magnetic moment carrying transition metal
atoms, and G represents glass formers or noble
metals, have been intensively investigated
recently.! Several?-® independent studies
have established the re-entrant magnetic
behavior of these alloys at values of x
slightly larger than that required for the
onset of ferromagnetism. That is, when the
temperature is lowered, the alloys first
exhibit the usual paramagnetic-ferromagnetic
transition at a Curie temperature Tc. However,

on further lowering of the temperature a transi-
tion to the spin glass state, in which the spins
freeze in random directions with no net long
range magnetic order, is observed at a well
defined temperature Tf.

Systematic ferromagnetic resonance (FMR)
measurements on amorphous re-entrant alloys
reveal several characteristic features:’ a) At
low temperatures the linewidths (I') increase
rapidly with decreasing temperature and in some
cases exhidbit maxima. This is in contrast to
ordinary ferromagnetic alloys vhere, at low
teoperatures, I is independent of temperature;
b) The magnetization, M, derived from the
resonance center, H_, shows an anomalous
bshavior at lov temperatures in that marked

deviations from the usual 13/2 behavior are
observed for the re-entrant slloys. The same

*Renearch at Johns Hopkins partially supported by
Office

alloys in the ferromagnetic range (i.e., higher

values of x) indeed show the 13/2 behavior at
low temperature; c) these anomalies arise at
tesperatures that are well above Tf and bear no
simple relation to 1it.

In this paper, wve report FMR measurements
on amorphous binary alloys "x'l-x with x in the

vicinity of 0.5, i.e., about 0.1 higher than
that required for onset of ferromagnetisam. In
addition to exhibiting the aforementioned
anomslies showing the persistence of the spin
glass behavior in smorphous alloys with only one
magnetic component, the existence of several
setastsble states due to the non-ergodic nature
of spin glasses® is demonstrated. These meta-
stable states are characterized by differing
values of B, vhich depend on the rate of cooling
below 80 K.

Experimental

The samples were prepared by rf sputtering
of FeB and mixtures of FaB and B onto quartz
substrates. A special magnetic focussing ring
wvas used to confine the sputtering ions so as to
enhance the sputtering rates. That the films
are indeed chemically homogeneous was confirmed
by the sputter-ion mass spectrometer which also
gave their chemical composition. The concentra-
tion range (0.47 £ x ¢ 0.53) studied in the
prasent work is slightly above the critical con-
centration for the onset of ferromagnetism in
these alloyu’ and brackets the concentration for
which the crystalline alloy, Fed, is a strong

the U. S, Army Research

**From a disertation to be submitted to the Graduate School, University of
Maryland, by D.J.W. in parcial fulfillment of the requirements of the

Ph.D. degree in Physics.
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240 SPIN GLASS BEHAVIOR AND NON-ERGODICITY

ferromagnet!? vith T, = 598 K. Similar amor-
phous alloys have been previcusly investigated
by Mossbauer spectroscopy.’)!

Most of the present 'MR measurements vere
conducted in the parallel geometry (Hg.c.||to
sample plsne) at approximately 11 GHz and 35 GHz
in the t.pcrusu range 2-300 K. Using the
equation, (w/v)“ = Be(Hy + 4nM), the data
were used to evaluate 4=M as well as the g-value
which,along with othar parameters of the alloys.
are listed in Table I. At a fev temperatures
Hy vas measured as 3 function of the sngle
betwveen the sample plane and the applied field.
This provided further checks on the values of g
and M.

Table I Magnetic Parameters of Fo‘ll - Alloys

Sample Conc. rc‘ (X)
Fegy Fey, 5380.47 560
LU Fey 49%0.51 432
Fe,, Fey.47%.53 384
xtal FeB 598"

8. deduccd from empirical relation Tc-- 4 x 103(8 - 0.38) following Ref, 9

for 80 < T < . .0 K (Pig. 1)
extrapolated (see Fig. 1)
b. Ref. 10
c. Ref, 13

d. assumed density § = 7 u-ﬂ"

Results and Discussion

The tamperaturs dependence of the sagneti-
zation, derived from the H, data, is presented
in Pig. 1. Apsrt from slight deviations below
20 K, the conventional behavior, M =
My (1 - 373/2), due to the excitation of spin
waves, is & good representation of the data for
Feg3 over the entire temperature range, that is,
ug to T/T. > 0.56. For the other two alloys, the
13/2 dependence is observed only for T » 80 K.
Over these temperature rsnges the g values, given
in Table I, are independent of T. At lower T
(see below) the varistion ia H, becomes more
complex and one cannot assign meaningful values
to g and M vithout iatroducing sdditional param-
eters.

The observed values of B, sleo listed in
Table I, are somevhat larger than those reported
for other smorphous slloys of comparable Fe
content’+13 vhich indicstes somevhat wesker
exchange interaction in the preseat alloys. It
should also be noted that for the Fesgy alloy,
vhere 47M, has s straightforvard meaning, the
Fe acment is 0.87 ug/atom vhich is to be com-
pared with the veluei3 1.1 ug/atom for crys-
talline FeB. For the other two alloys, the
zero Kelvia intercept is harder to imterpret
but 1if we trast the M, values as sbove, the
values 0.78 up/atom and 0.71 up/atom are ob-
tained for Fe,q and Fe,; alloys, respectively.

R

Vol. 43, No.

The present results follow the trend reported in
Ref. 12, 1i.e., Fe noment reduces monotonicslly
with reducing x.

The temperature dependence of the observed
linewidths at 11 GHz, presented in Fig. 2,
clearly shows the anomalous behavior at low
temperatures and in particular the linewidth for|
the Te,7 alloy exhibits s maximum such as previs
ously reported for lov x alloys in other re-
entrant systems.’»l*

For the present discussion, the results of
greatest interest come from noting the peculiar
lov temperature dependence of in the Fes9 and
Fe,7 alloys at 11 CHz. For {nstance, the tem-

t;::) 'Y 8 x 1073 (=32 ug/
6.5 2.07 7.4 0.8
s.st 2.05* 6.8 0.7
4,95t 2.09* 7.6 0.7

- - - 1.1

30

—e—y—

L T —

*; !
3000 4000 3000

0 1000 2000
™
Fig. 1. Temperature dependence of the magnetie

zacion deduced from MR data on
amorphous FeyB)_; alloys. As descr.. .
in the text, below 80 K, Fe;y and Feyg
do not shov simple bdehavior. Nence, -
the dashed lines.
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0 so 100 0 150 200 250 Fig. 3. Temperature dependence of the resonance

Pig. 2. Temperature dependence of the MR
1linewidths at 11 GHz for amorphous
FexBi-x slloys.

perature dependence of Hy at 11 GHz for Fe,; at
three different cooling races below ~80 K 1is
shown in Fig. 3 and can be described as follows:

a) The solid line represents what we choose

to designate the equilibrium state obtained

either by cooling slowly (~0.25 K/min) or

by cooling in zero field directly to 4 K

and observing H, during & subsequent vara-

ing. From several such runs we deduce that

the H. values are good to sbout 10 Oe. b)

Vhen the sample was first cooled rapidly

(~2 K/min) from 80 K to 50 K, the Hy

values represented by the solid circles

were observed during a subsequent varm-up.

The warming could be carried out quite

slowly without affecting the H_ data. ¢)

In andther run, the cooling befween 80 K

and 50 K was carried out in ten minutes,

followed by 3 slow cool to lower tempera-
tures. The H. values shown as full squsres
were observed.

For other cooling cycles H. values between
these extremes have been seen. In these inter-
mediate states, howvever, slight changes in
temperature csuse the system to return to the
equilibrium curve. It should be noted that the
linewidths are roughly the same for all cooling
cycles. Although wve are implving that the par-
ticular values of H,, other than the equilibrium
values, are symptomatic of metastable states in
the spin freezing process, at this time we do
not know precisely how the cooling rate con-
trols the specific state in which the system
finds itself.

It has been known for some time that

field for PR in amorphous Fe;;. As
described in the text, below 80 K, the
data are dependent upon the thermal
history: the solid line i{s obtained on
slov (~0.25 K/min) cooling while the
other data represent other thermal
cycles (see text),

anisotropy fields develop vhen there is s tran-
sition from the paramagnetic to the spin glass
phuels'“, and recently similar anisotropy
fields have been shown to .cco’plny the ferro-
magnet-spin glsss transition.l’ For the
equilibrium curve, the sharp decrease in

around 20 K is ascribed to this effect. If in
the freezing process the spin systex has access
to other states of metastable equilibriwm (i.e.,
local free energy minims) it is not surprising
that, on occasion, it finds itself trapped in
one of these configurations and consequently
the anisotropy fields, or Hy, differ from the
equilibrium value. The results clearly lend
support to the recent suggestion® thac the spin
glass state is inherently non-ergodic in charsc-
ter. That is, there exist sany equivalent free
energy minima with significant barriers between
them so that some of the minima are inaccessi-
ble during the approach to equilibrium. Thus

it may happen that the system gets metastably
locked into a state of "local” equilibrium in
which the spin configurations and the consequent
internal fields are significantly different from
those in the “true"” equilibrium state. Further
work is being done to study the type of thermsl
effects shown in Fig. 3 at other microwvave
frequencies and different x values.
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APPENDIX 5 J
Mossbauer study of magnetism in an amorphous Fe, o8¢0 SPuttered £11a% (to

H. A, Blum

The Johns Hopkine University, Applied Physics Laboratory,

Laurel, Maryland 20707

ABSTRACT

Mossbauer studies of amorphous iron/boron alloys have proved useful
for understanding magnetic phenomena in structurally disordered systems.

In iron-rich alloys the s

Fe Mossbauer spectra at T<<T. of both melt-

quenched and sputtered materials consist of broadened magnetic hyperfine
lines, indicative of structural distortions in the compounds FezB and

FejB. The spectra of sputtered films with approximately
charscterized by two qualitatively distinct Fe sites:

502 Fe may be
(1) sites yield-

ing a broadened magnetic hyperfine spectrum similar to the sharp spec-
trum of the compound FeB, and (2) sites having a zero (or very small)
magnetic hyperfine field, evidenced by a slightly asymmetric, partially
resolved, quadruple doublet. In order to further examine the nature of
these low field sites, a 40X Fe sputtered amorphous film was examined at
4.2 K in external magnetic fields up to 8.0 T. Interpretation is diffi-
cult, partly because the magnetic and quadrupole interactions are of
comparable magnitude and partly because of the distributed nature of the
hyperfine parameters. A pure spin-glass phase was ruled out by a narrow-
ing of the spectrum in a 2.0 T external magnetic field. Two components

were identified in the external magnetic field spectra:

(1) non~-magnetic

(~ 50%), and (2) magnetic, with unusual behavior that may be due to a
low-noment, mixed ferromagnetic/spin-glass phase.

PACS numbers: 75.50.Kj, 76.80.+y, 75.25+z

INTRODUCTION

Previous Mossbauer studies of sputtered, amorphous,
PexBign.x films with approximately 40 to 50 at.2 Fe
indfcate that at cemperatures well below the magnetic
ordering temperature To the spectra may be fit by a
magnetic hyperfine field distribution P(H). This dis~
tribution is qualitatively characterized by a broad,
structureless peak with a maximum near 120 kOe at x =
50, shifting towards lower H values with decreasing Fe
concentration (1]. Another pesk has been observed in
the P(l) distribution that has a maximum near 30 kOe;
this peak increases in intensity with decreasing Fe con-
centration, but the maximum of the pesk remains near 30
kOe [2,3]. This low field peak is not observed in
sputtered films with x X 60, nor in any of the melt-
quenched, iron/boron, amorphous alloys. It appears to
be essentially the same as the peak seen in the P(H)
derived from spectra obtained above T, where it is
clearly just an artifact of the computational procedure
[4,5] in which the broadened quadrupole doublet is fit
by an equivalent magnetic field discribution. A repre~
sentative example is shown in Fig. 1, for FesiBsy,
vhere the optimized P(H) discribution shows two clearly
defined maxima at about 30 and 120 kOe. The implica-
tion, as pointed out elsewhers {2], is cthat cthere ares
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r1g. 1. ¥3ssbaver spectrum and lesst squares optinised magnetic hyper-
fine field discribution P(H) for sputtersd smorphoue Fesylesy (ilm at
Te 295K

twvo types of Fe sites in these samples: (a) sites with
a mean magnetic hyperfine field close to the valuas in
crystalline FeB, and (b) low, or zero field sites sub-
stantially different from the crystalline ones. This
paper teports op the nature of these low field sites by
exsmining the interaction with sn external msgnetic
field. Por this purpose, s sample with a composition
close to the threshold for magnetic ordering (- 40X Pe)
(1] was used in order to minimize interference in the
Mossbauer spectra from the innmer lines of the strongly
sagnetic components.

EXPERIMENTAL

Amorphous iron/boron thin films were deposited in
an rf diode sguttetin; system having a base pressure in
the mid - 10~ Torr range. Argon was used as the sput~
tering gas, throttled during deposition to a pressure
of about 5 un. The sputtering target wvas a mechsnical
aixture of commercially obtained 99% pure FeB and 99.72
pure boron powders packed into an iron target holder
dish. The atomic composition of the target powder mix
was nominally FPessBs2; secondary ion mass spectrometry
(SIMS) analysis of the sputtered films gave a composi-
tion of FesoBg¢e with good homogeneity. Three samples
prepared at the same tine, each alloy layer 3 to 5 =
thick on a Kapton polyimide films substrate, were mnunt-
ed together to form the Mossbauer absorber used in the
expariments reported here. Lack of long range order
was ascertained by x-ray diffraction on similarly pre-
pared samples deposited on glass.

The Mossbauer spectra veres obtained with both the
$7Co {n Rh source and the amorphous FeseBso absorber at
the same temperature (4.2 K in the nagnetic field ex-
periments). The spectrometer is a conventional con-
stant acceleration electromechanical velocity modulator
used in conjunction with a multichannel analyzer/com-
puter for collecting and snalyzing the data. The mag-
netic field experiments were performed at the MIT
Francis Bitter National Magnet Laboratory using a super-
conducting solenoid. A reverse winding on the solenoid
kept the magnetic fileld at the source near ero.

The magnetic hyperfine field distridutions P(i)
vere obtained using a version of Window's procedure for
fitting a continuous distribution of magnetic filelds to
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& truncated cosine series expansion in H [4,5]. Asym~
setries in the spectra are due to correlations between
{somer shift, quadrupole interaction, and magnetic in-
teraction. The P(H) program symmetrizes the apectra
snd does not explicitly consider isomer shift and quad-
rupole splitting distributions. In the present imple~
mentation of this procedure the relstive intensities of
the &m = 0 lines were allowed to vary between 0 and 3.5
to obtain the best least squares fit. The intensity
ratios of the outer to inner lines were fixed at 2.6
because thin (2-5 im), sputtered, pure iron foils least
squares fit with Lorentzian lines of width 0.28 to

0.30 m/sec showed outer-to~inner intensity racios (also
ares ratios) of 2.6:1. For well defined spectra (higher
Pe concentration), using an outer/inner ratio of 2.6
gave better fits than using the theoretical ratio of
3.0.

RESULTS

The spectra of FesoBso in zero external magnetic
field together with plots of the derived internal mag-
netic field distributions at 77 K and 4.2 K are shown
in Fig. 2. The quadrupole splitting at 77 X 1is AQ =
0.62 mm/sec. At 295 K and 10 K (not showm) the spectra
are nearly identical to those at 77 K and 4.2 K, re-
spectively, indicating that the magnetic ordering tem-
perature T¢c is between 10 X and 77 K. The peak at
24 kOe in the 77 K P(H) distribution is a computational
artifact in which the quadrupole doublet is interpreted
a8 an equivalent magnetically split spectrum. At 4,2 K
the P(H) peak broadens and moves to higher field. This
is & manifestation of the appearance of an internal
magnetic hyperfine field Hyye below To. Since the mag-
netic P(H) and the component due to the quadrupole
splitting overlap, it is noct possible to extract simply
the magnetic P(H) from the mixed electric quadrupole/
magnetic dipole interactions. Indication of a signifi-
cant distribution of quadrupole splicting is evident
from the line widths in Fig. 2a (0.50 sm/sec), and also
from an inability to fit the spectrum with Lorentzian
shaped lines. The spectrum asymmetry further indicates
that the quadrupole splitting is correlated with isomer
shift. The average isomer shift at 4.2 K is § = 40,11
mm/sec, and 1is independent of external magnetic field.

1004
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g tads 0
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§ 3 . Magnatic fietd (kOe)
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€ 85
) Tea2K z
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'] Magnetic fisld (kOe)
-5 -4 -2 ] 2 4 [ )
Velocity (mm/sec)
74g. 2. Mssbever spectra sad P(W) distridbutions for sputtered amor-

phous TeseBee film at (s) 77 K and (B) 4.2 K; Koggy = 0.

The spectra in external magnetic fields H,,,, co-
1inear with the Y-ray direction, and plots of derived
lesst squares P(H)'s are shown in Fig. 3. The solid
1ines in the spectra correspond to the least-squares
fit. The arrows hencath the spectra indicate the po-
sitions of the centers of the outer spectral lines cor-
rasponding to H,no. In an external fiald, P(}) s un-
derstood to be r?;nnl). vhere the vector sum H = Hyp, +
figpp 18 the nec (obsarved) magnetic fleld.

The appesrance of the spectra at all external
fields indicates the presence of a net magnetic field
component close in magnitude to the applied field. At
the same time, the region of the spectrum corresponding
to zero (or small) net magnetic field remains intensi-
fied beyond what it would be if the applied field
(broadened by the internal field distribution and quad-
rupole distribution) were the only net field. Table 1
gives the peak positions and widths for all of the P(H)
distributions shown in Fig. 2 and 3. The fourth column
of the Table will be explained later.

—y— Y T M

1.00 o X3

Hagp * 20k0s

73g. 3. Mossbauer spectrs and P(N) distributiocns fer sputtered
smorphous FeseBse film at 4.2 K and several values of l.". The
srrows imdicate the outer line positions cerresponding to the
spplied magastic field.

A qualitative description of the effacts on the
spectra of the external magnetic field follows (refer
to Fig.3): The spectrum narrows upon the application
of 20 kOe, and is characterized by a P(H) at 40 kOe
similar to the P(N) at 0 kOe. At 60 kOa the peak
shifts upwards and broadens. At Hgpp = 80 kOe two
peaks can be resolved in the P(H): one at 35 kOe and
the other at 72 kOe, both of about the same width. If
one assumes two equal width, gaussian shaped peaks, the
peak positions (unfolded) lie near 34 and 74 kOe. The
lower applied field P(H) distribuctions could similarly
be split, less convincingly to be sure, ianto over-
lapping distributions corresponding to R = 0 (appears
to be a peak at 32 kOs dus to the quadrupole doublet)
and & peak near H = Hopy. In the Hy,, = 80 kOe spec-
trum, the partially resolved peaks lend a degree of
credibiliey to the interpretation that there are basi-
cally two components observed in the spectra: one
characterized by the magnitude of the applied field
and the other by a lower field distridbucion that
crosses through Hy = 0 kOe near Hgn, = 20 kOe, and in-
creases to about Hy = 34 kOe at Hep, = 80 kOe.

DISCUSSION

The P(H) distributions, especislly the one at Hgpp
« 80 kOe showing resolved peaks at Hy = 34 and 74 kOe,
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imply chat thera are at least tvwo magnetic gites: ome
essentially non-magnetic, giving = Hopy; ‘and the
other magnetic in the sense that there is an internal
contribution to the hyperfins field. The considerable
width of the 74 kOe peak may be dus to two causes: (1)
the combined quadrupole/magnetic interaction, and (2)
the finite resolution of the computational method.
That the paak at M, = 74 kOe occurs at a value less
than the applied field is attributed to & small demag-
netizing field end to lack of knowledge concerning ths
separate shapes of the two distributions: the low
field distribution may have a tail, shifting lower the
apparent position of the higher pesk.

Table 1. Position of pesks and vidths of P(H) discridbutions for
Yesolgp 4t various extermsl magnetic fields. T = 4.2 K, except
for the first entry. 7The fourth column lists tha pesks of the
P(H) distributions for the stripped spectra (see text).

Experimantal S:ripped
| app l»..k Widch npclk
(kOe) (kOe) (kOe) (kOe)
0 (77 x) 24 21 -

() 3 3s (33)
20 25 22 b} §
40 32 k1 k)
60 40 60 b §
80 /74 40/40 38

Analysis i{s exacerbated by the distributed nature
of all the fundamental interactions: isomer shift,
quadrupole splitting, and magnetic splitting. Kot only
ars these interactions distributed, but the shapes of
the distributions are g prior{ unknown. Since the spec-
trum initislly narrows on application of an extermal
magnetic field (20 kOe), it {s clear that there are irom
moments aligned with the external field (the internal

field direction is opposite to the magnetic moment di-
rection), 1i.e. there is a magnetic component. The
average quadrupole splitting (- 0.6 sm/sec) 1is equal to
the *'Fe, I = 3/2, excited state magnetic splitting at
90 kOe. The spectra thus are in the regime of nixed
electric quadrupole/magnatic dipole interactions of
comparable magnitude, precluding the usual perturbation
approach,

An alternative to analyzing the spectra by studying
the P(H)'s 1s to generate a theoratical spectrum, using
the exact Hamiltonian for the mixed interactiom (6,71,
and averaging over all angles between the fixed exter-
nal magnetic field direction (colinear with the Y-ray
direction) and the direction of the EFG principsl axis.
In doing this, it is appropriate to use as generating
parameters the experimental quadrupole doublec line
vidth (above T.) to account for the distribution of
quadrupole interactions and isomer shifts, the observed
quadrupole splitting, and the applied magnetic field,
The computer senerated spectrum is then normalized and
subtracted from the observed spcctrum by macching the
theoretical and experimental spectra in the outermost
extremitiss (wings), As in the P(H) analysis, the
method {s much more convincing in the Hypp = 80 kOe
case than in the lower ficld experiments. The result
(for the 80 kOe case) is that somewhat more chan half
the area under the spectrum corresponds to just the’
applied magnetic field, broadened and distorted Ly the
quadrupole disctribution. The remainder of the spectrunm
eonrains no structure (like the Hy,, = 40 kOa spectrum)
and gives a P'(H) with an observed peak at H, = 38 kOe.

Sinilarly, theorctical spectra for the other ap-
plied fields were generated and subtracted from the ex~

perimental data. The resulcting "stripped" spectra vere
fit by P(H) distributions, the pesk values of which are
listed in the last column of Table I. The stripped
spectra appear to be nearly shielded from the external
field; this behavior {s inconsistent with simple ferro-
nagnetism. The distribution peaks near 30 kOe are not
readily interpreted in detail because of the unknown
contributions of the quadrupole and isomer shift die-
tributions. About the only conclusion that may be
drawn in each case is that the internal magnstic field
(for this component of the spectrum) is less than 30
kOe, and may be close to zero.

One might anticipate the possibility that at 4.2 K
the iron moments are in a spin-glass phase. There 1s
avidence of this in the recent MR experiments of Webb
et al., vhere sputtered, ~50% Fe samples chow line
width anemalies at low temperaturs that are charactar-
istic of spin-glass behavior [8]., 1In an externsl meg-
netic field the position of the peak of the P(H) of a
spin-glass would increass, and the width would also in-
cresse. Quite the opposite is observed vhen H, =
20 kOe (Pig.3). Unless the spin-glass state 1g"Pde-
astroyed by the 20 kOe applied field, amorphous FaseBse
at 4.2 K 1s not simply a spin-glass. The observed be-
havior of the low field components may be due to the
coexistence of low-moment ferromagnetic and spin-glass
phases [9]. The (small) internal field associated with
the ferromagnetic phase subtracts from the applied
field, while the spin-glass phase contributes a slow
broadening and increase in the peak position of P(H).

In summary, external magnetic field experiments on
amorphous, sputtercd FeyeBee identify two types of irom
sites: (1) non-magnetic (magnetic moment close to
zero), and (2) magnetic (having & distribution of mag-
netic moments) ~ possibly a lov-moment, mixed ferzo-
magnetic/spin-glass phase.

The magnetic field experiments wers performed
at the MIT Francis Bitter National Magnet Laboratory
with the collaboration of R, B, Franksl and
G. C. Papsefthymiou, to wvhom the author is especially
grateful. The author also thanks C. L. Chien,
C., Feldman, A. N. Jette, J. W. Leight, K. Moorjani end
?. G. Satkiewicz for helpful advice, discussion aund
assistance.
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